Abstract. The magnetization processes in binary magnetic/nonmagnetic amorphous alloy Hf57Fe43 are investigated by the detailed measurements including magnetic hysteresis loops, dependence of magnetic moment on temperature and relaxation of magnetic moment. The blocking of magnetization at lower temperatures is accompanied by the slow relaxation of magnetic moment and magnetic hysteresis loops. All of observed properties are explained by the superparamagnetic behaviour of the single domain magnetic clusters inside the nonmagnetic host. The memory effects or interaction effects between clusters or with nonmagnetic matrix were not observed. From magnetic viscosity analysis based on thermal relaxation over the anisotropy barriers it is found that magnetic clusters are of approximate characteristic size 3-7nm. The validity of the superparamagnetic model of Hf57Fe43 is based on the concentration of iron in the Hf100−xFex system that is just below the threshold for the long range magnetic ordering. 
Introduction
Magnetism in nanostructured materials is after many years still very popular topic and a subject of intense research [1] . Long time ago concerning magnetic colloids [2] first interests to the nanometer sized magnetic objects arose. Now, large impact of nanoparticulated and nanostructured magnetics can be seen in many products, and also in hightech devices (magnetic storage of energy and information, magnetic flux multiplication, sensors, etc). Development of the synthesis and characterization of nanomagnets lead to the new interdisciplinary research like bio-nanomagnetism. Besides commercial purposes, the nanostructured magnetic materials pose a broad spectrum of physical phenomena interesting also to the fundamental investigators and publicity.
When talking about the magnetic particles of size below about 100nm, superparamagnetism [3] is an usual keyword. The critical upper size of single domain of iron was calculated to be approximately 150nm [4] and measured similarly in magnetic colloid [5] , too. Theoretically, it was shown that for the particles sized below about 100nm (slightly material dependent) it is favourable to be singledomain [6] . The giant magnetic moments of these single a Corresponding author, e-mail: dpajic@phy.hr, tel:+385 1 4605555, fax:+385 1 4680336 domains fluctuate over the anisotropy barrier according to the activation law [7] . At low temperatures this relaxation becomes slower than the measurement of one point resulting with very rich phenomenology of non-equilibrium systems.
In magnetic alloys it is possible that the (ferro)magnetic single-domain clusters within a non-magnetic or a much less strong (ferro)magnetic matrix are formed [8] . Depending on the magnetic atom concentration the alloy can exhibit whether long range ferromagnetic ordering, or paramagnetism, or superparamagnetic behaviour for special concentration. The modelling and computational simulation of processes in alloys is still very actual and the experimental magnetic results are reproduced very well [9] . This helps to establish the connection between microscopic picture and macroscopic properties.
Magnetic ordering in binary Hf 100−x Fe x system was studied previously for different iron concentration x [10, 11] . For x ≥ 50 the long range magnetic order was observed [10] with critical temperatures up to 300K. For x ≤ 40 the system is paramagnetic with increasing of the Curie's constant as x increases [11] . After the observation of splitting between the zero-field-cooled and field-cooled magnetization curves and slow relaxation of magnetization together with hysteresis curves at low temperatures [12] , the detailed magnetic investigation of Hf 57 Fe 43 amorphous alloy is undertaken. In this paper the results will be presented and explained in the framework of superparamagnetism of magnetic clusters. The magnetic hysteresis and coercivity, blocking of magnetic moment, temperature dependent magnetic viscosity are thoroughly described and their behaviour linked to the existing models. The slow relaxation is investigated in details and compared to the relaxation of magnetic nanoparticles and random anisotropy magnets. Also, from the analysis of magnetization processes the rough microscopic view of Hf 57 Fe 43 magnetic alloy is constructed.
Experimental procedure
The investigated binary magnetic/nonmagnetic amorphous alloy Hf 57 Fe 43 and other within the Hf-Fe system were prepared using melt-spinning method.
Magnetic measurements were performed using the commercial MPMS5 SQUID magnetometer, which uses the extraction method to measure the magnetic moment of the sample with very high accuracy. Due to the high stability of temperature at the place of the sample and stable homogeneous magnetic field, this equipment is very suitable for the slow and long-lasting magnetic relaxation measurements.
The dependence of magnetic moment of the sample m on the temperature T is measured using two modes: zero-field-cooled (ZFC) and field-cooled (FC). ZFC curve is obtained after cooling the sample down to 1.8K (or some higher temperature if this is irrelevant) from room temperature (or some lower temperature if this is irrelevant; we used 150K) in zero applied field. Then the magnetic field is applied and the variation of m is measured during the increase of T up to highest temperature. After that, the sample is cooled again to the lowest temperature, but now staying at the same applied magnetic field. Finally the variation of m during the increase of T is measured, resulting with FC curve. The temperature below which the splitting of ZFC and FC curves appears is called blocking temperature T B . It is to mention that there are two different definitions of T B with slightly different amounts: whether the temperature at which the ZFC curve attains a maximum (T max ), or the temperature below which the splitting appears (T irr ), both having a reasonable interpretation. Next, the m(H) curves for the applied magnetic field µ 0 H up to 5.5T at different stable temperatures were measured. Hysteresis loops were measured with maximum applied field 0.2T because all the curves are reversible above this field.
Lastly, very detailed and precise measurement of the relaxation of magnetic moment of the sample at broad range of stable temperatures from 1.8K up to 25K was performed. The sample was at first heated to 100K that is well-above T B in zero applied magnetic field. Then the magnetic field of 0.01T was imposed. After some waiting time the sample was cooled down to the desired temperature and stabilised. Finally, the magnetic field was reversed to the opposite direction (from 0.01T to -0.01T) and m was measured as the time elapsed during ∼3 hours. This procedure was repeated for many different target temperatures below T B with very high reproducibility.
For reference, the documented paramagnetic susceptibility of hafnium is 0.42·10 −2 J/T 2 kg at room temperature with a weak temperature dependence (0.4·10 −2 J/T 2 kg at 77K and 0.46·10 −2 J/T 2 kg at 4.2K) [13] . Recalculated, it amounts only 0,5% of mass magnetization in the sample at 100K and 5.5T, assuming it as an independent additive contribution.
Results of measurements
Magnetization M of the amorphous Hf 57 Fe 43 alloy depends on the temperature T in a nontrivial way. One measurement in applied magnetic field µ 0 H =0.01T is shown in Fig. 1 for the illustration. The M (H) dependence is nonlinear even for small magnetic fields (below 20 Oe) and at high temperatures (up to room temperature), so that it is meaningless to speak about the magnetic susceptibility. Also, it is meaningless to make a Curie-Weiss analysis, which could eventually be performed just for initial susceptibility at high temperatures. The strange M (T ) dependence which points to complex magnetic structure can be even better illustrated using plot of T ·M (T ) in Fig.  1 . The pronounced maximum between the low-and hightemperature regions demands for more detailed study at lower temperatures.
Some of measured hysteresis loops of the sample are presented in Fig. 2 . They are more and more narrow as the temperature increases, becoming almost reversible above approximately 30K. Obviously, the irreversibility is destroyed by thermal effects. For all measured temperatures the irreversibility appears below the field of 0.14T, so that the maximum field of 0.2T was high enough to study the hysteretic properties. By inspection of hysteresis loops the three sets of temperature dependences are extracted: coercive field H c (T ) where hysteresis curve intersects fieldaxis, remanent magnetization M r (T ) where hysteresis curve intersects magnetization-axis and anisotropy field H an (T ) above which the hysteresis loop becomes reversible at given temperature. These temperature dependences are considered and studied later. Presented hysteresis loops are still far from saturation. M (H) dependence is measured up to maximum possible field of 5.5T for different temperatures and plotted in Fig.  3 . The saturation magnetization in raw data is unreachable still at 5.5T. Moreover, the lack of H/T scaling tells that the pure Curie-Brillouin-Langevin approach is not applicable.
The inset of Fig. 1 points to the existence of magnetic anisotropy in the system. In order to obtain more details, measurement of ZFC and FC curves is performed for several temperatures and some of them are shown in Fig.  4 . The well-pronounced ZFC-FC splitting points to the blocking/freezing of magnetic moment of the sample below specific temperature called blocking temperature T B . It is observed that T B lowers as the applied magnetic field H goes up. This enlightens the origin of hysteretic irre- versibility: the applied magnetic field changes the barriers and helps the magnetic moments to overcome over the barriers. From the other side, increasing the temperature makes the loops more and more narrow (Fig. 2) indicating that the field needed to overcome the barrier is smaller because the moments have higher thermal energy. For measurement in 0.1T there is no ZFC-FC splitting down to the lowest measured temperature of 5K. This is consistent with hysteresis loops from Fig. 2 , where the irreversibility breaks at maximally 0.14T for the loop measured at the lowest temperature of 2K. Also, it is shown that the ZFC and FC values of magnetization for 0.1T are the same as the values taken from the hysteresis curves. This overlap says that in case when the applied field destroys the irreversibility, the history of magnetizing process does not play a role. In general, there is a lack of precise physical models of such kind of magnetic alloys and the descriptions are more phenomenological. In next section different parameters derived from the presented raw data will be analysed within the contexts of some existing models, and descriptions will be given. Nevertheless, the performed magnetic characterisation alone gives many useful details about magnetic properties and processes in amorphous Hf 57 Fe 43 magnetic alloy, too.
Analysis and discussion

Blocking of magnetization
Taking for the origin of blocking the magnetic anisotropy barrier of height U , the relaxation time τ of the magnetic moment of the particle/cluster at temperature T is determined by the activation law [7, 14] 
where τ 0 is of the order 10 −9 − 10 −11 [14] . At T = T B the relaxation time becomes equal to the time of measurement of one point τ = τ exp ≈ 100s, so that U = 
In a simplified picture of the magnetic particle or cluster its anisotropy energy equals to E = K · V · sin 2 θ, where K is anisotropy density, V is the volume of the cluster and θ is the angle between the magnetization of the cluster and preferred direction [3] . When magnetic field H is applied in the preferred direction of magnetization, the energy becomes
where µ is magnetic moment of the cluster. The barrier height which the moment has to override is now reduced. Calculating the difference between the maximum and minimum of energy the barrier height which prevents the escape is obtained:
2 . So, the blocking temperature becomes field dependent as
This function does not fit well through the experimental points, that is understandable because of the simplifying assumption of equally oriented single-sized clusters. Instead, the decrease of T B with increasing H is very-well described by some other functions. Power law does not fit the data good enough. Pure exponentials are not suitable, too. The function T B = TB0 1+α·H goes very well through the measured points giving the parameters T B0 =60K and α=184T −1 for T max and T B0 =74K and α=132T
describes the points even better giving the parameters T B0 =87K, α =220T −1 , β =0.417 for T max and T B0 =97K, α =123T −1 , β =0.456 for T irr . But, the meaning of these parameters is not known.
Magnetic hysteresis
The above presented data point to the superparamagnetic behaviour with magnetic moment blocking. Question about the origin of the coercivity in amorphous Hf 57 Fe 43 is to be answered looking at the slow superparamagnetic relaxation. This topic was analysed precisely by Stoner and Wohlfarth [15] in case of heterogeneous alloys, without any reference to dynamics. The temperature dependence of coercive field is shown in Fig. 6 . When applied field H is high enough to decrease the previously discussed energy barrier to ≈25k B T , the reversal process can be thermally activated within the time of experiment [3] . Therefore, the coercive field in this case should depend on temperature as
The measured dependence can not be fitted by this squareroot function and some other models are needed to reproduce the measured data. The exponential dependence H c (T ) describes very well the behaviour in different systems. In a magnetic garnet film the coercivity was connected to the temperature dependence of anisotropy and simple exponential model was an ideal fit [16] . The rareearth-transition-metal random magnet (FeSm) exhibit also this kind of H c (T ) dependence [17] . In such systems characterised by the strong ferromagnetic exchange and random magnetic anisotropy the atomic magnetic moments are correlated on a small scale, while on a large scale the magnetization rotates stochastically through the sample. There H c (T ) is exponential, too, for different exchange and anisotropy values [18] . Exponential law was observed in FeZr amorphous alloy, Dy 60 Fe 40 , (Gd 1−x Tb x ) 2 Cu, and also in many simulations and theoretical calculations [19] . For our case, the exponential dependence H c (T ) = H c0 e −αT gives fitting parameters µ 0 H c0 = 0.0455T and α = 0.1578K −1 . The exponential dependence appears because of coercive field measures the difficulty of reversing the whole system over the (anisotropy) energy barriers which prevent this reversal, and it happens by thermal relaxation. Our value of α is half of the value obtained in the random anisotropy model [18] where the coercivity was investigated in the limited range of the anisotropy to exchange ratio and the decrease of α with decrease of exchange was observed. According to that study, our value of α points to the negligible exchange interaction between the units. The most complete description of coercivity in single-domain particle system [20] includes the contributions from blocked dis- tributed particles and superparamagnetic particles. Our results point to the relatively broad distribution of cluster sizes. Two more confident fits than the exponential are obtained:
In both cases the meaning of α and β still has to be explained. With the power law, predicted for the disordered spins on nanoparticle surfaces [21] and randomly oriented particles under the thermal influence [22] , it is not possible to fit the data.
Also, in random anisotropy model it was found that the remanence depends exponentially on temperature [23] . In our measurements M r (T ) is linear in two regions (shown in Fig. 7 ). At lower temperatures (below 5K) the change of remanence with temperature is -0.132Am 2 /kgK, whereas at higher temperatures (5-25K) it amounts -0.082Am 2 /kgK, and above 25K the remanence fluctuates at small values. Here, slower decrease happens for longer duration of hysteresis loop measurement. This qualitative correlation is argued by the design of experiment which takes care that the sample can stay below the 4.2K (liquid helium) just the limited time. Generally, the memory lasts longer with lower temperature. It is reasonable that the system memorises the state more intensive when the change of the applied field is faster, because the system has no time to come closer to the new equilibrium. Therefore, the slower change of remanence is observed when the change of field is slower, because in that case the ability of memory alone is lower. This fits very well in the frame of dynamical hysteresis caused by thermal activation over the anisotropy barrier. Linear dependence of remanent magnetization on temperature was found in simulation of magnetic processes in amorphous alloy with nanometer sized magnetic clusters with random distribution of orientation [24] . This is applicable also for random distribution over sizes, that includes our system, too.
Anisotropy field depends on temperature as shown in Fig. 8 . Again, exponential function H an (T ) = H an0 e −αT (like in [16] ) was applied giving parameters µ 0 H an0 = 0.1572T and α = 0.1649K −1 . The slight discrepancy be- tween the anisotropy field data and the exponential curve at temperatures above 15K, as well as for coercive field data, may be caused by small amount of large clusters or by very weak interaction between clusters which contribute with narrow hysteresis loops. But, it's quantitative analysis is out of the scope of this work. Slightly better fit is obtained using
−1 , β = 1.61. Both curves describe better the mentioned higher temperatures, but the meaning of α and β is not known.
The measured ratio H c /H an ≈ 0.3 in the temperature interval 2-20K (it decreases slightly above 20K) is in agreement with a value obtained for a system of randomly oriented single domain particles with a relatively broad distribution over sizes [25] .
All of the mentioned dependences (Figs. 5, 6, 7 and 8) are monotonically decreasing with the increase of applied magnetic field or increase of temperature. In case of T B , the applied magnetic field lowers the barrier established by anisotropy and the system should be on lower temperature to stay on the same side of barrier considerable amount of time. In case of H c , M r and H an by increasing the temperature system has more and more energy to turn over the barrier, so that the smaller magnetic field is needed to reverse the direction of magnetization, the system is less able to keep the magnetization frozen and it fights easier against the anisotropy, i.e. the lower field is needed to make the system reversible.
Relaxation of magnetization
The blocking of magnetic moments below T B results with the slow and measurable relaxation of magnetization presented in Fig. 9 for some of the measured temperatures. At first, there are the differences in starting values of magnetization between the curves. At specific temperature after the change of direction of applied magnetic field the system goes very quickly to the so-called critical state represented by the starting value of magnetization. This part of the fast relaxation is not measurable with our experimental device which has time resolution of ≈1min. From critical state which depends on temperature the sample is relaxing slowly toward the equilibrium determined by magnetic field and temperature. It is observed in our experiment that the critical state does not depend on history of the magnetic or temperature treatment, under condition that after each relaxation measurement the sample is heated above T B . When plotted with logarithmic timescale, all the relaxation curves appear linear. Therefore, the measured relaxation data for more than 40 different temperatures were fitted very precisely by function
S is called magnetic viscosity and is usually calculated as the slope of M (ln t) dependence. M 0 is magnetization of the sample in critical state, and t 0 has the meaning of time from which the system started to relax slowly. The fitting results for S and M 0 at different temperatures are shown in Figs. 10 and 11 , respectively. On its lower temperature part S(T ) reflects the increase of the relaxation rate of magnetization with temperature. The decrease of S at T > 9K in accordance with magnetic moments blocking hypothesis does not mean that the relaxation becomes slower, but just that small part of moments remained to relax after the main part relaxed prior to taking any measurement at this temperature. Parameter t 0 is mainly between 100s and 200s for all temperatures. That time is somewhere between the beginning and finishing of the superconducting coil recharging and it is consistent with the assumed fast arrival at the critical state before the measurement.
Interpreting that facts in the model of activation over barriers some microscopic data can be obtained. Ensemble of magnetic entities consists of characteristic magnetic moment units with corresponding energy barriers. In the distribution of energy barriers there is a critical U c above which the entity is stable at the specified constant temperature on the time scale of the relaxation measurements. From already discussed activation law (Eq. 1) it follows
where t * is some moment during the magnetic field change. The entities with U < U c relaxed prior to taking the measurement to their equilibrium determined by the applied magnetic field, which is negative in our case. The entities with U > U c remain blocked in the original state determined by cooling field, which is positive in our case. It is appropriate to introduce the distribution function q(U ) such that q(U )dU is the magnetization contribution which belongs to the magnetic entities with barriers between U and U + dU . The magnetization before the measurement at the initial time t 0 of slow relaxation is therefore
q(U )dU . U c (t 0 ) denotes the barrier heights which are surmounted until time t 0 . Analogously, at some moment t during the measurement M (t) = − Uc(t) 0 q(U )dU + ∞ Uc(t) q(U )dU . In later moment t some additional entities relax over the barrier and as the time passes the magnetization pro- gresses toward the negative maximum determined by applied field. Because of the impossibility to cover the whole range of barrier heights with the measurement at one temperature it in necessary to look just the time interval between t 0 and t, where the magnetization change is M (t) − M (t 0 ) = −2
Uc(t)
Uc(t0) q(U )dU . Obviously, the interval between t 0 and t is very narrow comparing to the time scale covered by relaxations over all of available barrier heights, so that U c (t) − U c (t 0 ) ≪ U c (t) together with the approximation q(U ) = q([U c (t) + U c (t 0 )]/2) = q( U c ) gives
Implicitly included time now comes through the values of critical barrier heights (Eq. 5)
The time dependent magnetization becomes
(7) Therefore, the logarithmic fit to the relaxation data is justified. The overparametrisation is resolved by grouping the constant τ 0 in logarithm with other constants.
Anisotropy barrier distribution
From the correspondence between the Eq. 4 and Eq. 7, it follows that q( U c ) = S 2kB T . This naive comparison that gives the distribution of barriers q( U c ) is wrong. In the change of magnetization the contribution of barriers between U and U + dU is counted twice: as a diminishing of contribution in positive direction and increment of contribution in negative direction. Therefore, the right distribution over barriers is twice greater than the naive one:
q( U c )dU c is the magnetization of entities with the barrier heights between C · k B · T and
where C = ln[(t − t * )/τ 0 ] ≈ 30 if characteristic times t − t 0 ≈1000s, t 0 − t * ≈10-30s and τ 0 = 10 −10 s are taken. Using this model the microscopic distribution of magnetization over the anisotropy barriers is obtained when the dependence of S kB T vs. Ck B T is considered. This approach was derived in [26] for zero-field relaxation, and here it is modified to include the non-zero final applied magnetic field. One has to remember that besides the temperature dependence of U c it is determined by the final applied magnetic field, too.
We are aware that the logarithm is a tricky function, and that the cutting of overparametrisation makes problem with units, but it is useful if carefully interpreted. There is also approach with other functional dependence on time [27] , which shows that because of slow relaxation distributed over many time decades it is possible to use small time-window of any function. Despite the objections against the use of logarithmic fit [27] , we used it for the quantitative analysis of barrier distribution, because it showed successfull in other cases [28, 29] .
Slightly different approach than in [26] was applied in [30] giving also the distribution over barriers from S/T plotted against the T ln(t/τ 0 ) scaling variable. Likewise, starting from the relaxation of ensamble of magnetic nanoparticles slightly different form of magnetic viscosity is presented in textbook [14] with a similar result for the distribution of magnetic moments over barrier heights. Supposing the superposition of the exponential relaxations of single domain clusters distributed over sizes as f (V ), the magnetic viscosity is derived:
. At the time t only the particles with volume near around blocking volume V B contribute to the relaxation. Smaller particles already relaxed, and bigger will relax after a much longer time, so that V B = kB ·T K · ln t τ0 , according to the activation over the magnetic anisotropy barriers. Hence, if f (V ) = 0 for small V , then the viscosity is S ∝ T 2 ln(t/τ 0 ). S ∝ T 2 proportionality can be seen in Fig. 10 for the temperatures below 5.5K. When the fit is done with the function S(T ) = a·T 2 +b·T +c, it gives almost the same value of square term a as the fit with S(T ) = a ′ · T 2 for a ′ (a=0.0011a.u. and a ′ =0.0013a.u.), and b=0.00096a.u. and c=0.000029a.u. give relatively unimportant numerical contribution to S. The time dependence of magnetic viscosity is not studied here.
From S(T ) obtained q(U ) dependence presented in Fig. 12 shows the distribution q of magnetization which belongs to the magnetic moments with energy barriers between U and U + dU . The linearity below U = 3.3 · 10 −21 J takes actually a big part of the graph's domain (almost a half) that is not very usual in nanoparticulated materials (for example, S(T ) was found linear in Cu x Fe 3−x O 4 nanoparticles [31] and many other). The linearity of q(U ) can be explained with the constancy of the distribution over the volume of clusters f (V ). Because of equal number of clusters with any volume, the magnetic moment of each type of volume grows proportionally to volume, suppos- ing nearly homogeneous magnetization of single cluster. If anisotropy barrier is proportional to volume, as is the case for homogeneously magnetised regions, then the distribution of magnetization contribution should be proportional to barrier height, what is observed in our experiment and shown in Fig. 12 . Sudden decrease of q(U ) after the maximum at U = 3.3 · 10 −21 J can be analogously explained by even stronger decrease in distribution f (V ).
From the blocking temperature in the same magnetic field of 0.01T which is T max =20K and T irr =30K it is possible to estimate the barrier height. At blocking temperature the relaxation time becomes the same as the time of one measurement. From the already discussed Arrhenius' activation law of relaxation (Eq. 1)it is calculated U ≈ 27·k B ·T max ≈ 7.3·10 −21 J or U ≈ 27·k B ·T irr ≈ 1.1·10 −20 J. It is taken τ 0 = 10 −10 s [14] , knowing that there are many difficulties [33] , but fortunately the value of barrier height does not depend significantly on the chosen value for τ and τ 0 . First (lower) value corresponds to the highest significant contribution in the distribution from Fig. 12 . This is also the meaning of blocking temperature: that temperature at which almost all of the particles already relaxed to the equilibrium. Second (higher) value corresponds to the value on this plot to which further small decrease in the distribution is observed. This slight decrease amounts to small number of bigger entities which relax very slowly on the time-scale of experiment. This shape of q(U ) is the reason for T max < T irr . The ZFC curve starts to decrease immediately above T max because of fast fluctuations of the magnetization of smallest clusters, and at T irr when really all cluster relaxed meets the FC curve (Fig. 4) . Although it seems that τ 0 is taken arbitrarily, in fact the result depends weakly on it, so that the estimation is well confident. Also, the consistency between the viscosity and blocking temperature is shown.
When the integration of the magnetization contribution over the distribution of barriers (integration of the data in Fig. 12 ) is performed from the lowest measured barrier (6.9 · 10 −22 J) up to the highest measured (1.04 · 10 −20 J), the value of 2.22Am 2 /kg is obtained. This value is just slightly lower than the value M ZF C (T max , 0.01T ) = 2.25Am 2 /kg measured in ZFC curve at T max for the applied field of 0.01T, and slightly lower than the value M F C (T max , 0.01T ) = 2.31Am 2 /kg measured in FC curve at T max for the same applied field (Fig. 4) . However, it is smaller than the value 2.49Am 2 /kg measured at lowest temperature in the same field for FC curve. The last data shows that there is eventually small amount of higher barriers which are not probed by presented relaxation measurements. But, the integrated value should be slightly greater than the values from ZFC and FC curves. If the value of C=32.5 were used, as in [26] , the integrated value becomes 2.4Am 2 /kg that is compatible with the blocking temperatures (T max and T irr ) peculiarities already discussed. The value of C=32.5 is obtained when the τ 0 = 10 −11 s and τ = 3600s are used. All of this demonstrates consistently that when all magnetic entities relax, the equilibrium value of magnetization is obtained. Also, the final cumulative value M cumul. (T =25K) is nearly equal to the starting value M 0 parameter for high temperatures when almost all contribution already relaxed prior to taking any measurement. The cumulative integral M cumul. (T ) = U Umin q(U )dU is shown in Fig. 11 with symbols connected by line using C=30. Calculated M cumul. (T =25K) − 1 2 · M cumul (T ) matches the M 0 (T ) dependence very well, showing the consistency of the concepts of critical magnetization M 0 , barrier heights U , distribution q and measurement process in the context of thermal relaxation over the distribution of barriers.
Magnetic clusters sizes
Magnetic cluster size can be obtained from barrier heights data if magnetic anisotropy density K is known. K is approximately calculated from hysteresis loops using
according to the well-known magnetic anisotropy models [14, 15, 29] . The dependence of anisotropy field H an on temperature is shown in Fig. 8 . The extrapolation to zero temperature is taken from the fit in order to exclude the thermal effects on anisotropy: µ 0 H an0 =0.15T. The saturation magnetization M s is extracted looking at the way in which the high magnetic field magnetization behaves with increasing the field. The data above 2T of M (H) curve for the lowest measured temperature of 2K is fitted with the usual expression
based on model from [32] with appendage of hafnium paramagnetic susceptibility. The parameter M s = 4.6Am 2 /kg is obtained. The mass density of Hf 57 Fe 43 is not known and an approximation with the known iron and hafnium densities gives ρ = 1.1 · 10 4 kg/m 3 , so that the volume saturation magnetization is M V s = 5.1 · 10 4 A/m. It follows K = 3.8 · 10 3 J/m 3 . This is more than ten times less than the anisotropy density of iron from [8] , which could be eventually possible because the neighbourhoods of atoms changed drastically. But, the same fitting gives also directly as another parameter K = 3 · 10 4 J/m 3 . Nearly the same value is obtained by the magnetization-area method [32] applied to our data. The considerable difference between the K from M s and directly obtained K is resolved observing that to the magnetization of the sample only the iron content contributes, so that the mass magnetization should be corrected for relative iron content w(F e) = 0.191. The remaining difference after this correction is attributed to the influence of third free fitting parameter χ Hf and a small number of experimental data points. Therefore, the value K = 3 · 10 4 J/m 3 can be used as more reliable magnetic anisotropy density of the clusters in the investigated sample. The biggest countable volume of the magnetic clusters are now V = U/K = 2.3 · 10 −25 m 3 , that corresponds to the sphere of a diameter of 7.4nm (or a cube with 5.9nm side). For the clusters with highest contribution to magnetization (maximum at the plot in Fig.  12 ) the volume is V = U/K = 1.1 · 10 −25 m 3 , which corresponds to the diameter of a sphere of 6.1nm (or a cube of 4.9nm side). For the cluster with lowest measured barrier the volume is V = U/K = 2.4 · 10 −26 m 3 , which corresponds to the diameter of a sphere of 3.5nm (or a cube with 2.8nm side). About smaller clusters concerning our magnetic measurements we can say nothing. For them, the lower temperatures should be probed, or the measuring technique of higher frequencies used. Surely, their contribution to the magnetization is very slight if the values of critical magnetization, final cumulative magnetization and field-cooled magnetization are compared. Estimation based on the volume of the clusters and approximated mass density gives that the number of iron atoms in magnetic clusters ranges mainly from about 500 to 2500, with small amount of bigger clusters of up to 5000 iron atoms.
M (H) curve measured at 100K can be described very well with derived rectangular distribution over volumes of clusters. Taking that the magnetization of each cluster is given by Langevin function L( 
(11) The hafnium contribution must be added as a paramagnetic term χ Hf · H with known χ Hf . Taking care about the mass contributions of iron w(F e) = 0.191 and hafnium w(Hf ) = 0.809 in alloy the proper M (H) is obtained. It is not very suitable to fit this final function to the small number of data points because of many fitting parameters, but also because of physical reason: the shape of M (H) does not depend very much on the distribution function, but more on the mean value of magnetic moment, as is well known [20] . Instead, bare plotting shows good agreement between the curve and the measured points using for the bounding values of moment µ 1 = 600µ B and µ 2 = 3000µ B . Significantly different values of µ 1 and µ 2 give the significant deviation between the calculated and measured M (H) curves. This points to the consistency of the established picture of Hf 57 Fe 43 system.
To describe other measured M (H) curves at different temperatures (see Fig. 3 ) the simplification is performed using a superposition of the superparamagnetism of single sized clusters and paramagnetism of nonmagnetic matrix. The fitting of
to the measured M (H) gives the temperature dependence of effective magnetic moment µ and saturation magnetization of clusters M sat shown in Fig. 13 . Third parameter, susceptibility of hafnium χ Hf , stays between 0.12-0.2J/T 2 kg that is much bigger than published data for pure hafnium [8, 13] . The shape of µ(T ) looks similar to T ·M (T ) plot shown in Fig. 1 , which is often used in chemical literature to present the temperature dependence of effective magnetic moment of magnetic units. However, this comparation in our experiment can not be exact, because the notion of susceptibility is not valid. Moreover, the deviation of fitted curve from measured M (H) in Fig.  3 results with unreasonably large magnetic moment together with big paramagnetic contribution of matrix. Nevertheless, the parameters shown in Fig. 13 are indicative for the behaviour of material. The decrease of magnetic moment with temperature can be understood as a destroying of magnetic ordering of clusters. This does not lead into question the validity of magnetic viscosity analysis because S(T ) was studied in the temperature interval where plateau of magnetic moment in Fig. 13 is observed. The decrease of magnetization saturation is also in agreement with this destroying of cluster magnetic ordering. The more detailed analysis of M (H) curves, including the derivation of distribution over magnetic moments using genetic algorithm, was tried, but there are not too much experimental points, and the results of calculation were not confident. Further hysteresis loops measurements will be performed and analysed in more details for other temperatures. If looking at the magnetization saturation value for pure iron from [8] of 217Am 2 /kg, it is clear that the iron in our sample is far from this magnetization, whether because all the clusters are not magnetised in the same direction, or the clusters are not magnetised homogeneously, or some of the iron atoms are in low spin state, or the effective atomic magnetic moment on iron is reduced in this matrix.
Additional remarks
As shown, the presented data are explained very well with the notion of the independent magnetic clusters. This is supported by investigation of other concentrations of iron in Hf 100−x Fe x amorphous system, where the long range magnetic order for higher concentration of iron (x ≥ 50) [10] and no magnetic ordering for lower iron concentration (x ≤ 40) is observed [11] . The iron concentration in Hf 57 Fe 43 is well above the percolation threshold, and it seems strange that there is no long range order. The reason is not known, and will be the topic of other research. However, it seems that magnetic clustering is preferred over the long range ordering. It may be that some of the iron atoms are in low spin state, or that iron does not interact ferromagnetically in this matrix, or that the interaction is diminished in such a matrix, or that the moment of iron atoms is lowered by the hafnium host, too. But, for this type of answers, the other experimental techniques are desired.
At the end, a few remarks can throw more light on the presented system and give impulse for further investigation.
In the dependence of magnetic viscosity on temperature the region of temperature independence was not observed down to the lowest measured temperatures (1.8K). It is still the question if such a sign of quantum tunnelling of magnetization can be observed in this kind of material at lower temperatures, as it was seen in some random anisotropy magnets [29, 34] and ensemble of magnetic nanoparticles [35] . Theoretical predictions say that magnetization tunnelling could be observable below ≈0.1K [35] in our case.
Another remark is that the additional measurement of M (H) was performed so that every point is taken after the zero-field cooling. The perfect overlap of this M (H) curve with "single-shot" M (H) measurement shows that every point was measured in equilibrium in both cases, excluding thus the spin-glass possibility. Also, the memory effects are investigated in another way [36] . A full hysteresis loop is cycled, then the field is reduced sweeping from the maximum positive field to negative field somewhere around the half of H an , and after that the field is swept from this negative value toward the maximum positive field. The kink at the same positive field was not observed. This demonstrates that in Hf 57 Fe 43 there is no memory effect connected with macroscopic number of the frustrated symmetric clusters in the spin-glass frame. Instead, it is closer to the random-magnet system [36] .
Hysteresis curves are not shifted after field cooling. This shows that there is no memory effect, again. Also, the exchange field between non magnetic matrix and magnetic clusters is negligible. Nonnegligible exchange should induce some ordering of the cluster's surface layer which should couple with cluster's core magnetization, shifting thus the hysteresis loops if measured below the spin-glass freezing temperature [37] . This would be called the exchange bias. Also, the lack of the shift says that there is no disorder of the cluster's surface layer that was observed in some magnetic nanoparticle systems [38] and that there is no antiferromagnetic shell around the core of the cluster. It is possible that the magnetic clusters are below the critical dimension for the onset of the exchange bias [39] .
In considering the relaxation properties, one should have on mind that it is measured just for one applied magnetic field (0.01T). The influence of target field on the barrier distribution will be the topic of some future work. The change of M (H) shapes with temperature will be studied, too. Furthermore, presented measurements say that the high temperature investigation (from 30K to room temperature or above) would be another interesting topic.
Conclusion
All magnetic measurements performed on binary magnetic/nonmagnetic amorphous alloy Hf 57 Fe 43 point to its superparamagnetic behaviour. Superparamagnetism is argued with concentration of iron which is a little below the critical threshold for the long range magnetic ordering [10, 11] , so that the finite magnetic clusters separated by nonmagnetic regions are expected.
ZFC and FC curves, temperature dependent hysteresis loops, slow relaxation of magnetic moment and temperature dependence of magnetic viscosity all show that the magnetic clusters change the direction of their magnetic moment over the magnetic anisotropy barrier by thermal activation. The phenomenological description of the magnetic relaxation using the mentioned quantities and concepts provides a useful link between the experiment and microscopic model. Definitely, the nanometer sized magnetic clusters in Hf 57 Fe 43 alloy are responsible for the observed magnetic processes. Also, it gives a rough estimation of characteristic size of the magnetic clusters to be 3-7nm using just the magnetic measurements.
The interaction between clusters and nonmagnetic matrix may be neglected and the clusters show no memory effects connected to interaction with nonmagnetic environment or mutual interaction. The magnetization weighted distribution of clusters over the barrier heights is obtained. Further investigation using magnetometric methods will be performed to describe more precisely the microscopic structure and properties of the magnetic clusters.
Studied system is excellent candidate for the magnetization tunnelling investigation because of the special distribution of entities over the sizes, and because it is free of surface disorder, exchange bias and other distorting phenomena, at least in the investigated temperature interval. This fundamental quantum process concerns the low-temperature behaviour and the measurements should be done on much lower temperatures than ours. On the other side, the high temperature behaviour is interesting for the investigation of development of magnetization disorder, which is obviously important for room-temperature properties of this class of materials.
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